The sequence and secondary structure of the 5′-end of mRNAs regulate translation by controlling ribosome initiation on the mRNA. Ribosomal protein S1 is crucial for ribosome initiation on many natural mRNAs, particularly for those with structured 5′-ends, or with no or weak Shine-Dalgarno sequences. Besides a critical role in translation, S1 has been implicated in several other cellular processes, such as transcription recycling, and the rescuing of stalled ribosomes by tmRNA. The mechanisms of S1 functions are still elusive but have been widely considered to be linked to the affinity of S1 for single-stranded RNA and its corresponding destabilization of mRNA secondary structures. Here, using optical tweezers techniques, we demonstrate that S1 promotes RNA unwinding by binding to the single-stranded RNA formed transiently during the thermal breathing of the RNA base pairs and that S1 dissociation results in RNA rezipping. We measured the dependence of the RNA unwinding and rezipping rates on S1 concentration, and the force applied to the ends of the RNA. We found that each S1 binds 10 nucleotides of RNA in a multistep fashion implying that S1 can facilitate ribosome initiation on structured mRNA by first binding to the single strand next to an RNA duplex structure ("stand-by site") before subsequent binding leads to RNA unwinding. Unwinding by multiple small substeps is much less rate limited by thermal breathing than unwinding in a single step. Thus, a multistep scheme greatly expedites S1 unwinding of an RNA structure compared to a single-step mode.
S
1, located on the small subunit, is the largest ribosomal protein. It is the only ribosomal protein that has a high affinity for mRNA (1) explaining its role in promoting ribosome mRNA interaction. Furthermore, association of S1 with the ribosome is weak (2) , whereas most other ribosomal proteins are strongly bound. A cryo-EM study showed that, when in complex with the ribosome, S1 interacts with about 11 nucleotides (nt) of mRNA immediately upstream of the Shine-Dalgarno (SD) sequence (3) indicating its role in translation initiation. Secondary structures on the 5′-end of mRNA upstream of the initiation site help regulate translation (4) (5) (6) , and S1 is required for in vivo translation of most natural mRNAs in E. coli (7) , particularly mRNAs with a highly structured 5′-region and with no or a weak SD sequence (8) (9) (10) (11) (12) (13) (14) (15) . Directed evolution of S1 improved the expression of foreign proteins coded by GC-rich plasmids in E. coli by about 10 fold (16) . A cryo-EM study (4) and a bulk kinetics study (5) suggested that initiation on mRNAs with structured 5′-UTRs happens in three stages: Ribosome docking on the single-strand next to the structured region, unfolding of the mRNA structure, and entrance of the unfolded mRNA into the ribosomal RNA channel. S1 apparently promotes initial mRNA docking and the melting of the mRNA structure (4, 5) . Besides these important roles in translation initiation achieved by S1 in complex with the ribosome, S1 free or in complex with other proteins has been implicated in many other cellular processes. For example, S1 protects single-stranded RNA from degradation by RNase E (17) and promotes transcriptional cycling (18) and trans-translation (rescuing of stalled ribosomes by tmRNA) (19, 20) ; it also serves as an essential subunit of the RNA replicase of the Qß bacteriophage (21) .
Because of the multiple cellular roles played by S1, it is important to understand the mechanisms underlying its functions in these processes. Although such knowledge is very sparse, it is likely that the affinity of S1 for single-stranded RNA and its capability to interact with structured RNA is closely related to its cellular functions. S1 contains six repeats of the oligonucleotidebinding (OB) fold found in other RNA-binding proteins explaining its high affinity for single-stranded RNA (22) . Its single-stranded RNA binding capability has been systematically characterized by bulk kinetics measurements (1, 23) . The capability of S1 to unwind structured RNA has been clearly demonstrated by several techniques including ribonuclease probing (20, 24) , RNA hyperchromicity (14) , circular dichroism (25) , and electron microscopy (26); however, the mechanism of unwinding remains elusive.
Single-molecule techniques, such as fluorescence resonance energy transfer (FRET), optical or magnetic tweezers, and the simultaneous application of a combination of these techniques, have complemented bulk techniques in studying helicases and molecular motors (27) (28) (29) (30) (31) . Such techniques have recently been used to study SSBs, including E. coli SSB (32, 33) and replication protein A, the main eukaryotic SSB (34) .
Here, using optical tweezers, we provide a single-molecule mechanical characterization of S1 interactions with RNA secondary structures. By changing the force applied to the ends of a hairpin-forming RNA, we observed step-wise unwinding of the RNA hairpin by S1 and, also, step-wise rezipping of the unwound hairpin. We quantitatively characterized S1 interaction with the secondary structure of the RNA, including the dependence of unwinding and rezipping rates on force and S1 concentration. We determined the total number of RNA base pairs unwound per S1 molecule and the number involved in the rate-limiting substep during unwinding or rezipping. Collectively, these observations allow us to gain new insight into the mechanism of S1 unwinding of structured RNA and its roles in the various cellular processes it supports.
Results
Single-Molecule Observation of S1 Unwinding of an RNA Hairpin. We used optical tweezers to study the interactions between S1 and single RNA molecules harboring secondary structure (Fig. 1A) . Specifically, a hairpin-forming RNA (35) (Fig. S1 ) containing 274 base pairs and a tetraloop, and extended with several hundred Author contributions: X.Q., H.F.N., C.B., and I.T. designed research; X.Q. performed research; L.L. contributed new reagents; X.Q. analyzed data; and X.Q., L.L., H.F.N., C.B., and I.T. wrote the paper.
base pairs of RNA•DNA duplex handle at each end, is attached between two micron-sized polystyrene beads for single-molecule detection and manipulation by optical tweezers. Pulling on the two ends of this hairpin at a constant speed (force-ramp mode) yields a sequence-dependent force vs. extension curve that shows six distinguishable unfolding force rips for this hairpin (35) (Fig. S2 , force rips indicated by asterisks). Each force rip represents the cooperative unfolding of a stretch of RNA base pairs, ranging between 25 and 100 base pairs. At a constant force below the unfolding forces, the lifetime of the hairpin in the folded form decreases with increasing applied force; eventually, the hairpin unfolds cooperatively as in the force-ramp experiment. However, when S1 is introduced into the tweezers chamber, even when the force is well below the unfolding force, the hairpin unfolds progressively under constant force in a stepwise (step-pause-step) fashion (Fig. 1B and Fig. S2 red curves) . Furthermore, the number of base pairs unfolded in each step (about 10 base pairs) is several-fold smaller than even the smallest number (approximately 25 base pairs) involved in the unfolding of each S1-independent force rip. Clearly, we are observing hairpin unwinding by S1 proteins. S1 Is an RNA Melting Protein. We observed that the unwinding rate increases with S1 concentration, whereas the step sizes and positions of the pauses along the hairpin sequence are concentrationindependent (Fig. 1B) . Furthermore, these S1-dependent unwinding events are observed in buffer, without any energy source, such as ATP or GTP. The dependence of unwinding rates on S1 concentration and its independence of ATP or GTP are contrary to the unwinding activity of a processive helicase (29) . Instead, our observations are consistent with S1 being an RNA melting protein (high binding affinity to single-strand RNA) (1); S1 can bind to single strands transiently released during the thermal breathing of RNA base pairs, prohibiting the single strands from reannealing, and resulting in unwinding of those base pairs. Similar unwinding has been observed previously for a DNA melting protein (34) .
As S1 binding leads to unwinding of the RNA helix, S1 dissociation allows rezipping. In fact, we can selectively observe processive unwinding or rezipping of the whole hairpin sequence simply by controlling the force: at 18.9 pN and above we see unwinding (Fig. 1B) and at 17 pN and below we see rezipping ( In single-molecule experiments, the kinetics are determined from the mean dwell times of the species involved. Our extension vs. time trajectories are sampled at 1 kHz so the pause times after each step can be measured from the histogram of the number of data points at each RNA extension for the unwinding (Fig. 1B , Right) or rezipping segments (Fig. 1C, Right) . Each pause along the trajectory forms a peaked-distribution on the histogram. The center of the peak corresponds to the specific extension where the pause occurred; the number of data points under a peak (normalized by the number of trajectories contributing to the histogram) multiplied by 1 ms∕point gives the average dwell time at this position. The width of the peak reflects the scattering of the data due to noise. For robust statistics we built a cumulative histogram for all trajectories taken under the same experimental condition ( Fig. 2A) . As can be seen, the unwinding and rezipping pause histograms are not uniform along the RNA: The peak area (a measure of the pause time) and the spacing between peaks (a measure of the number of RNA base pairs unwound per S1 molecule, termed the S1 binding size here) vary with position on the RNA. The unwinding (and rezipping) histograms at different forces or different S1 concentrations (Fig. S3 ) exhibit the same characteristic patterns of peak heights and locations along the RNA sequence; only the absolute, not the relative values of the peak heights, are affected by the changes in experimental conditions. Therefore, the unwinding and rezipping kinetics (the pause times) are correlated with position along the hairpin, specifically with the GC content along the hairpin (Fig. 2C) . At RNA sequence positions with high GC content, unwinding is slower and rezipping is faster ( Fig. 2 A and C).
The Kinetics of Unwinding and Rezipping Are Anticorrelated. We observed that the unwinding and rezipping histograms are anticorrelated: The regions with high unwinding peaks have low rezipping peaks ( Fig. 2A) . To quantitatively verify the anticorrelation relation, we determined the inverse of the lifetime of each pause corresponding to the 17 unwinding/rezipping peaks in the latter part of the histograms (Fig. 2A) . The inverse of these lifetimes are the rates of unfolding and rezipping of the molecule for each pause location along the hairpin. The peaks at the beginning are not analyzed because several peaks are clustered together, and it is difficult to distinguish individual peaks in this part of the unwinding histogram. The peak at the end is also excluded from this analysis because this peak corresponds to the long pause before unwinding of the 100% GC sequence close to the end of the , 100 nM (dark gray), and 300 nM (black) S1. When the RNA hairpin is held at a constant force above 18.9 pN but well below its mechanical unfolding force, upon introduction of S1 in the chamber step-wise unwinding (pause-step-pause) is observed. The unwinding rate increases with S1 concentration. (Right) Histogram of the number of data points in the dark gray trajectory along the RNA sequence. Each pause on the trajectory forms a Gaussian peak on the histogram at the corresponding RNA position. C. (Left) Typical re-zipping trajectories at 17 pN force for 10 nM (light gray), 100 nM (dark gray), and 300 nM (black) S1. When the S1-unwound RNA hairpin is held at a constant force below 17 pN, step-wise re-zipping is observed. The re-zipping rate is independent of S1 concentration. S2 ); in most experiments, the force was lowered during this long pause to switch to the rezipping condition. We calculate the correlation coefficient, ρ, as follows:
where k 1i and k 2i (i ¼ 1,..,17) are the list of rate constants for the 17 peaks under two different protocols, such as different S1 concentrations, and hk 1i i and hk 2i i are their averages. We calculated ρ for three categories: (i) between two unwinding experiments at high force, (ii) between two rezipping experiments at low force, and (iii) between one unwinding and one rezipping experiment. For each category, the calculation is repeated for all combinations of experimental conditions (S1 concentration, force) that have been measured (20 unwinding conditions and 15 rezipping conditions), and we build a histogram of ρ for each category. As shown in Fig. 2B , the correlation coefficients between two unwinding conditions or between two rezipping conditions are positive, but the cross correlation between unwinding and rezipping is negative, confirming the anticorrelation between unwinding and rezipping rates.
The Unwinding Rate Depends Linearly on S1 Concentration. We normalize the rate constants observed for each experimental condition (force and S1 concentration) to the reference condition (21.3 pN force with 300 nM S1) for which we obtained the largest amount of data and, therefore, the most robust statistics. Specifically, we calculate for each individual peak i (i ¼ 1,…,17) the ratio of the unwinding rate of one experimental condition (k i ) relative to the reference condition (k Ri ) as r i ¼ k i ∕k Ri , and the normalized rate and its error are determined as the mean and standard error of r i over all 17 peaks. Fig. 3 shows the dependence of the normalized rate on S1 concentration under a specific force; the measurement was repeated for four different forces. For all the forces that were measured, the unwinding rate shows a linear dependence on S1 concentration. Note that singlestrands are available on both the 3′ and 5′ ends when the junction breathes open; cooperative S1 binding to the two single-strands (one S1 molecule on each single strand) would result in nonlinear dependence of unwinding rate on S1 concentration. The observed linear dependence indicates that unwinding is rate limited by the binding of one S1 molecule; this binding makes the single strand on the other side available, which is bound by another S1 very quickly. As expected, rezipping rates, related to S1 off rates, do not depend on S1 concentration (Fig. 1C) .
Determination of S1 Binding Size. We calculated the average distance between adjacent peaks on the unwinding or rezipping histograms to determine the S1 binding size along the RNA yielding an average of 5 AE 1.4 (SD) nm for unwinding and 5 AE 1 (SD) nm for rezipping. However, the binding size at the same position on the RNA only varied by AE0.14 nm (maximum range) for the same experiments repeated on different days, and by AE0.12 nm (SD) for all the experimental conditions that allow identification of (Fig. 1 B-C Right) for all trajectories taken from the same experimental condition. Higher unwinding peaks (slow) align with lower re-zipping peaks (fast), and vice versa, i. e., sequences corresponding to slow unwinding rezip rapidly. Each individual unwinding/ re-zipping peak corresponds to a single unwinding/re-zipping step, and is fit to a Gaussian function to determine its center, width, and amplitude. Fitted results of individual peaks are shown under both histograms. The earlier segments of both histograms (with the end-to-end distance change below 75 nm) are not analyzed because individual peaks are hard to identify. B. The histograms of the correlation coefficients of the rate constants for 20 unwinding conditions (black bars), and 15 re-zipping conditions (gray bars), and the cross-correlation between the unwinding and re-zipping conditions (white bars). The unwinding and re-zipping rate constants are clearly anti-correlated. The calculation uses Eqn. 1. C. The GC content (GC%) variation along the RNA hairpin.
Regions with higher GC% align with higher unwinding peaks and lower re-zipping peaks. The ratio of the RNA extension change (A) to the number of base pairs unwound or re-zipped (C) gives 1 nm∕bp, or 0.5 nm∕nt, for the extension of S1-bound single-stranded RNA. individual peaks on the histogram: S1 concentrations from 10-300 nM, forces from 18.9-23.7 pN for unwinding, and from 10.4-17.0 pN for rezipping. These very small variations for each individual binding step indicate that the 1.4 nm and 1 nm SD differences in binding sizes along the RNA reflect the variation in the apparent binding size with sequence along the template. The end-to-end distance for flexible chain molecules depends on the force applied to the ends. Single-strand RNAs fit the worm-like-chain relation, which predicts an 18% increase (from 0.39 to 0.46 nm per nucleotide) in the end-to-end distance when the force changes from 10.4 pN to 23.7 pN, assuming a persistence length of 1.0 nm (36, 37) at a temperature of 25°C. However, within this force range, we found that S1-bound single-strand RNA has a force-independent end-to-end length of 0.5 nm per nucleotide as determined by the total end-to-end extension change due to complete S1 binding divided by the total number of nucleotides available in the RNA. Clearly, the S1-bound single-strand RNA does not behave like a flexible chain. Furthermore, the 5 nm average S1 binding size corresponds to 10 nucleotides, which is consistent with a previous cryo-EM study (3) .
The Unwinding/Rezipping Rates Are Highly Force-Dependent. We measured the force dependence of the unwinding and rezipping rates for each peak along the RNA; Fig. 4 (Inset) shows the results for one peak as an example. Because the applied force favors junction opening, as expected, the unwinding rate, k u , increases with increasing force (black), while the rezipping rate, k r , decreases with increasing force (gray).
As the observed unwinding is due to S1 binding to the single strand, the unwinding rate is rate limited by the junction thermal breathing, more specifically the equilibrium constant for junction opening, equal to the ratio of thermal opening and closing rates (29, 34, 38) . The observed force dependence results from the effect of the force on the equilibrium constant (29, 38) . Assuming that the force-dependence of the unwinding and rezipping are each dominated by one rate-limiting substep, we fit the observed force-dependence to the following equations:
[2a]
Here
the unwinding and re-zipping, respectively, and ΔG F is the effect of force on the free energy difference between the double-stranded and single-stranded forms, per base pair. Specifically, we have (29, 38)
where x nt ðF 0 Þ is the RNA end-to-end distance per nucleotide for a single strand as calculated from the worm-like-chain relation for single-stranded RNA (36, 37) . Note that if binding is a single step process, δ u ¼ δ r ¼ δ 0 , with δ 0 being the S1 binding size, found here to be 10 nt. However, if the complete binding of one S1 molecule is composed of several substeps, each involving only partial S1 binding, then δ u < δ 0 . Similarly, if rezipping occurs in several substeps, δ r < δ 0 . We determined, separately for each individual unwinding/rezipping peak, the force dependence of their rates and the best fit by Eqs. 2a and 2b. The best fits for one unwinding/rezipping peak are shown in Fig. 4 (Inset) as an example. The histogram of the fitting results for δ u and δ r for all unwinding or rezipping peaks are shown in Fig. 4 in black and gray, respectively. The average is δ u ¼ 5 AE 1 nt (SD) for unwinding and δ r ¼ 2.2 AE 0.4 nt (SD) for rezipping.
Discussion
Using optical tweezers to apply force on the two ends of a hairpincontaining RNA in the presence of S1, we quantitatively characterized S1 interaction with RNA secondary structures. By controlling the magnitude of the force to favor the open or closed form of the junction, we selectively observed the step-wise hairpin unwinding or rezipping, each step corresponding to the binding or dissociation of one S1 molecule on a single strand, respectively. The first striking observation is that S1-bound single-strand RNA has a force-independent length of 0.5 nm∕nt. In contrast, at zero force, free single-stranded RNA adopts a random coil conformation and the end-to-end distance is very small. As the force on the two ends of the RNA is increased, the end-to-end distance increases, following the worm-like-chain relation (36, 37) . When the RNA strand is fully stretched, the contour length for single-stranded RNA is 0.59 nm∕nt. It requires about 46.5 pN force to reach 0.5 nm∕nt end-to-end distance (Fig. S2) . Therefore, the observed 0.5 nm∕nt length of S1-bound single-strand RNA, which is force-independent and is much closer to a fully-stretched RNA than to a free RNA in the random coil conformation, indicates that S1 acts as a rigid scaffold for RNA binding, with the binding surface having little curvature (Fig. S4) . The latter conclusion is consistent with the cryo-EM observation that S1 is in an elongated shape when bound to RNA (3) .
Determination of the size of the rate-limiting substep for the unwinding and rezipping processes yielded further mechanistic insights into how S1 interacts with structured RNA. We found the size of the rate-limiting substep for unwinding to be δ u ¼ 5 AE 1 nt (SD) and for rezipping to be δ r ¼ 2.2 AE 0.4 nt (SD). Both δ u and δ r are smaller than the 10 nt S1 binding size, indicating that both unwinding and rezipping occur in a multistep fashion; the inequality between δ u and δ r indicates that unfolding and rezipping are rate limited by two different substeps. Furthermore, the fact that the sum of δ u and δ r is smaller than the total S1 binding size indicates that at least one additional substep is needed for a complete S1 binding or dissociation event. This substep is "hidden" in the force-dependence measurement because it does not limit the rate of either the unwinding or the rezipping process.
As S1 has six repeats of OB fold with flexible linkers between domains (D1-D6) (22) , we can assume that each domain acts as a binding module, and the multistep binding/dissociation process is Fig. 4 . Histograms of the rate-limiting substep size for unwinding (black) and re-zipping (gray). The rate-limiting substep size was determined for each individual peak by fitting the force dependence of its unwinding or re-zipping rate to Eqns. 2a or 2b, respectively. Inset: The force dependence of the unwinding (black dots) and re-zipping (gray dots) rate of a single peak, which is centered at 155 nm RNA end-to-end extension change in Fig a result of different domains acting in sequential order (Fig. 5) . Taking advantage of the existence of a natural cleavage site between D2 and D3, it was shown that D1-D2 bind the ribosome, whereas D3-D6 bind mRNAs (39) . Thus, the 10 nt S1 binding size suggests that each of the four RNA-binding domains binds 2.5 nt. Therefore, the observation of δ u ¼ 5 AE 1 nt and δ r ¼ 2.2 AE 0.4 nt suggests that unwinding is rate-limited by two domains that are either tightly associated or tend to bind cooperatively, while rezipping is rate limited by a single domain. To complete a 10 nt total binding size, the hidden step would be from binding of another single RNA-binding domain. Consistent with this assignment, NMR studies on truncated S1 with only D3-5 showed that even in the absence of RNA, D4 and D5 are tightly associated, whereas D3 is loosely connected to D4 (40) . When binding to RNA, there is a conformational change of the linker between D3 and D4, and all three domains bind to the RNA with similar RNA-protein interactions (40) . Based on the results described above, we propose a minimum model for S1 interaction with RNA secondary structures (Fig. 5) . Specifically, D3-D6 bind to, or dissociate from, the mRNA in a sequential three-step fashion, with D4/D5 remaining tightly associated with each other and D3 or D6 acting as single domains. S1 binding to the transiently open form of the junction due to thermal breathing stabilizes the open form and leads to RNA unwinding. The unwound RNA rezips when S1 dissociates. The unwinding is rate limited by the binding of D4/D5; the rezipping is rate limited by the dissociation of D3 or D6, or by both if their dissociation rates are similar.
Natural RNAs are often devoid of large hairpins but can form many small hairpins of several base pairs in length. The multistep binding scheme we identified in this study facilitates natural RNA unwinding by S1 in at least two aspects. Firstly, as S1 unwinding relies on base pair opening due to thermal breathing, and the probability of n base pairs open decreases exponentially with n, it is much more efficient to unwind the base pairs in multiple smaller steps than in a single step. Secondly, multistep binding allows S1 to partially bind to the single-strand next to the hairpin structure ("stand-by site") before complete binding can occur following hairpin thermal opening avoiding the need for S1 to search for the junction in 3D. Our "stand-by" S1 unwinding model fits nicely with the previously suggested model (4, 5) in which the ribosome first docks next to a structured region then unfolds the mRNA structure allowing the RNA to enter the ribosomal channel.
Our single-molecule mechanical characterization of S1 unwinding of RNA secondary structures provides a quantitative basis for understanding S1-facilitated translation initiation on structured mRNAs and other cellular functions of S1. This approach can be readily applied to reveal further insight on the mechanism of S1 function. For example, repeating this experiment using truncated S1 can confirm the assignment of rate limiting substeps to specific S1 domains and to reveal how the binding or dissociation of these domains are coordinated. This approach may also be applied to S1 in complex with ribosomes to understand how the binding to the ribosome affects different domains on S1.
Materials and Methods
Ribosomal protein S1 was overexpressed and purified as described previously (41) . The preparation of the hairpin RNA construct (Fig. S1 ) and the use of high-resolution optical tweezers have been described before (35, 38) . Briefly, the RNA containing the hairpin plus the sequences for the 5′ and 3′ handle was made by in vitro transcription of the plasmid by T7 polymerase. The sequences for the 5′ and 3′ handle on the plasmid (682 bp for the 5′ and 919 bp for the 3′) are also amplified by two separate PCR reactions. The final constructs were made by annealing the RNA with the two PCR products to form 5′ and 3′ RNA/DNA handles. The ends of the RNA/DNA handles were labeled with biotin or digoxigenin to enable attachment with streptavidin-and antidigoxigenin-coated 2-μm polystyrene beads, respectively. All the experiments were done at 40 mM HEPES-KOH (pH 7.5), 60 mM NH 4 Cl, 10 mM MgðOAcÞ 2 , 1 mM DTT, 3.6 mM β-ME, and 24.5-26.5°C. The rate constant and its error for an individual unwinding or rezipping peak were extracted from the pausetime histogram using a bootstrapping method (38) .
